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ABSTRACT
Maintenance of cellular homeostasis is key to pre-
vent transformation and disease. The cellular re-
sponse to DNA double-strand breaks, primarily or-
chestrated by the ATM/ATR kinases is one of many
mechanisms that serve to uphold genome stability
and homeostasis. Upon detection of double-strand
breaks (DSBs), several signaling cascades are acti-
vated to halt cell cycle progression and initiate repair.
Furthermore, the DNA damage response (DDR) con-
trols cellular processes such as transcription, splic-
ing and metabolism. Recent studies have uncovered
aspects of how the DDR operates within nucleoli. It
appears that the DDR controls transcription in the nu-
cleoli, not only when DNA breaks occur in the rDNA
repeats, but also when a nuclear DDR is activated. In
addition, we have gained first insights into how repair
of DSBs is organized in the nucleolus. Collectively,
these recent studies provide a more comprehensive
picture of how the DDR regulates basic cellular func-
tions to maintain cellular homeostasis. In this review
we will summarize recent findings and discuss their
implications for our understanding of how the DDR
regulates transcription and repair in the nucleolus.
INTRODUCTION
The DNA damage response
The maintenance of genomic integrity is crucial for cell sur-
vival and for preventing malignant transformation. In all
living cells DNA is constantly exposed to damage generated
both by endogenous and exogenous sources, thus threaten-
ing genomic stability. To ensure genomic integrity, mam-
malian cells have evolved a sophisticated and complex net-
work of pathways, collectively termed the DNA damage re-
sponse (DDR), which inspects the genome for the presence
of damage. The DDR network detects and signals aberrant
DNA structures, activates DNA repair pathways and reg-
ulates a broad spectrum of fundamental cellular processes.
Such processes include DNA replication, cell cycle progres-
sion, apoptosis, senescence and transcription (1,2).
DNA double-strand breaks (DSBs) represent the most
deleterious form of DNA lesions. DSBs can arise sponta-
neously during DNA replication when arrested replication
forks collapse. In addition, DSBs can form in response to
certain exogenous clastogens such as ionizing radiation (IR)
or radiomimetic drugs. In some cases DSBs are formed as a
part of a normal physiological program, for example during
V(D)J and class switch recombination in developing lym-
phocytes (3). If unrepaired or aberrantly repaired, DSBs
may potentially give rise to chromosomal rearrangements
and aneuploidy, which are the underlying cause of several
human disorders, such as developmental and neurological
diseases, as well as cancer (4). In mammalian cells DSBs
are mainly repaired by two different repair pathways: the
error prone non-homolgous end joining pathway (NHEJ)
and error-free homology-directed repair (HDR). NHEJ is
the major repair pathway in response to DSBs but com-
plexity of the breaks and the local chromatin environment
may cause NHEJ to fail thus promoting a switch to HDR
in the S- and G2 phases of the cell cycle when a sister chro-
matid is present that can be used as a template for repair (5).
The DSB repair pathway choice is highly regulated during
the cell cycle and through DNA damage-induced signaling
mechanisms (3).
The question if the cellular response to DSBs is uniform
throughout the cell nucleus or if regions exist where the re-
sponse is differently regulated is the subject of ongoing re-
search efforts. Especially the existence of DSBs in repetitive
sequences such as those present at telomeres, in satellite re-
peats and in the ribosomal gene arrays may pose a chal-
lenge for the cell to repair because such regions are highly
recombinogenic. Recent evidence suggests that the cellular
response to DSBs within the nucleoli that contain the ribo-
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somal gene arrays has unique features, which we will review
in the sections below.
Nucleolar structure and functions
The nucleolus is a membrane-less organelle found in the nu-
cleus of eukaryotic cells formed around a distinct part of the
genome: the ribosomal DNA (rDNA) genes. Each cell con-
tains more than 200 copies of rDNA genes with each mod-
ule containing a 30 kb intergenic spacer and a 14 kb pre-
cursor coding region (6). In human cells, the rDNA genes
are arranged in clusters also known as Nucleolar Organizer
Regions (NORs) on the five acrocentric chromosomes. Ac-
tively transcribed NORs mediate the assembly of nucleoli
and consequently, nucleolar structure and transcription are
closely inter-linked (7).
The rDNA repeats within the nucleolus are found in two
forms: an open, highly-transcribed conformation and in a
silenced heterochromatin state (8,9). While the physiologi-
cal role of two such opposing chromatin states is not thor-
oughly understood it is clear that ribosomal RNA (rRNA)
transcription can be regulated both at the level of the in-
dividual repeats as well as by the number of active repeats
(6).
Nucleolar transcription is mediated by RNA Polymerase
I (RNA Pol I) and a large number of co-factors in the nu-
cleolus (9–11). The minimal requirement for initiation of
rDNA transcription is the presence of the upstream bind-
ing factor (UBF), the promoter selectivity factor (SL1)
and the RNA Pol I complex at the rDNA promoter.
rDNA transcription generates the unstable 47S pre-rRNA
transcript. This transcript is rapidly processed and post-
transcriptionally modified giving rise to the 18S, 5.8S and
the 28S transcripts, which are the nucleic acid building
blocks required for ribosome biogenesis (12).
Additionally, an important role of the nucleolus as a sen-
sor of cellular stresses is emerging. Pathways activated by
genotoxic, metabolic, osmotic and transcriptional stress all
converge on RNA Pol I and result in inhibition of rRNA
transcription and release of ribosomal proteins from the
nucleolus as a consequence (10). The released ribosomal
proteins sequester the ubiquitin ligase Mdm2 in the nucleo-
plasm and thereby boost p53 levels leading to cell cycle ar-
rest, senescence or apoptosis (13). Nucleolar stress can also
induce p53-independent cell cycle arrest and senescence al-
though the mechanism is not equally well defined (14–16).
The DDR in the context of nucleolar chromatin
All rDNA genes share the same sequence but are packed in
either a highly condensed silenced heterochromatic struc-
ture or an actively transcribed undercondensed confirma-
tion. The interior of the nucleolus has very low concentra-
tion ofDNAwhich can be experimentally evidenced by lack
of DAPI staining. The nucleolar DDR must operate in ac-
cordance to these atypical features to ensure preservation of
genome stability.
The highly repetitive nature of rDNA repeatsmakes them
particularly sensitive to unscheduled recombination. Stud-
ies in yeast have shown that DSBs are sensed and processed
within the nucleoli but homologous recombination is ac-
tively excluded from the nucleoli by Smc5 and Smc6 in a
sumoylation-dependent manner (17). DSBs in rDNA are
transiently relocated to extranucleolar sites for recombi-
national repair. Smc5 and Smc6 mutants display a rDNA
hyper-recombination phenotype with progressive loss of
rDNA repeats as a consequence (17). These findings high-
light the vulnerability of rDNA repeats and the special re-
quirement for regulation of homology-dependent repair in
the nucleolus. Evidence of rDNA sensitivity in mammalian
cells comes from Bloom syndrome patients with mutated
BLM protein. Cells lacking functional BLM display in-
creased rates of sister chromatid exchange and have highly
unstable rDNA arrays with significant genomic rearrange-
ments (18).
The active rDNA repeats are the most highly transcribed
sequences in the genome with tightly packed RNA Pol I
along the repeats (7). The high density of RNA Pol I in
rDNA increases the risk of collision between the transcrip-
tion and repair- or replication-machinery and extraordi-
nary measures may therefore be required to prevent colli-
sion in highly transcribed regions of rDNA. To prevent col-
lision between replication and rRNA transcription a repli-
cation fork barrier (RFB) is formed downstream of the cod-
ing region in actively transcribed rDNA. Inhibition of the
RFB impedes replication fork progression in a transcription
dependent manner suggesting impairment of fork move-
ment by head-on collision with the transcription machin-
ery (19). Furthermore, highly transcribed repeats in yeast
require silent repeats for efficient assembly of repair factors
(20) exemplifying additional adaptation of DSB repair in
open nucleolar chromatin.
Silenced nucleolar heterochromatin presents yet another
obstacle to DSB repair. The silenced rDNA repeats fea-
ture epigenetic characteristics similar to constitutive hete-
rochromatin including CpG methylation and histone mod-
ifications such as H3K9me2/3 and H4K20me3, and are
highly condensed (21). Heterochromatic domains in gen-
eral present a physical barrier to DSB repair and specifi-
cally requires phosphorylation of the heterochromatin for-
mation protein Kap-1 by the ATM kinase (22). Phosphory-
lated Kap-1 mediates release of the chromatin remodeling
factor CHD3 allowing decondensation of chromatin in the
vicinity of the lesion and thus efficient DSB repair to take
place (23).
The nucleolus therefore represents a highly specialized
genomic domain that is a challenge for the cell to maintain
and sustain in the context of DNA damage signaling and
DNA repair. Our current understanding of how the cellular
response has adopted to these challenges is only beginning
to emerge. Several studies have recently been published ad-
dressing how the DDR signals to and operates within, the
nucleoli.
RESPONSE TO DSBS IN NUCLEOLAR CHROMATIN
An essential piece of the puzzle to understand the nucle-
olar DDR came from the Casellas lab in 2007. Kruhlak
and colleages observed a transient block in rRNA synthe-
sis upon treatment of primary mouse embryonic fibroblasts
(MEFs) with ! -irradiation (24). To investigate the nature of
the transcriptional silencing the authors introduced DSBs
locally in individual nucleoli using laser micro-irradiation.
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It appeared that the inhibition did not spread to surround-
ing nucleoli thus suggested in cis inhibition of RNA Pol I
transcription in the proximity to the breaks. Cells irradiated
with 10 Gy also displayed segregation of the nucleolar pro-
teins UBF into nucleolar caps, a hallmark of transcription-
ally inactive cells (24,25).
Kruhlak et al. further demonstrated that RNAPol I tran-
scription is not blocked by the damage itself but is con-
trolled by the DNA damage kinase ATM. The inhibition
could be abrogated by chemical inhibitors against ATMand
ATM −/− MEFs were unable to downregulate RNA Pol I
transcription in response to DNA damage (24).
To assess the importance of other DDR factors in DNA
damage-dependent regulation of RNA Pol I transcription,
a panel of repair-deficient knock-out MEFs were screened.
This analysis revealed that after ! -irradiation the two
DDR adaptor proteins NBS1 andMDC1 were required for
efficient transcriptional inhibition, whereas Ku, BRCA1,
53BP1 and H2AX were dispensable (24).
Mathematical modeling of fluorescence recovery af-
ter photobleaching (FRAP) experiments suggested that
the molecular mechanism underlying local DNA damage-
dependent RNA Pol I inhibition involved both inhibition
of initiation complex assembly as well as progressive dis-
placement of elongating Pol I holoenzymes fromDNA. The
model was further supported by chromatin immunoprecip-
itation showing loss of RNA Pol I association with actively
transcribed regions of rDNA upon induction of DSBs by
! -irradiation (24). The RNA Pol I displacement model was
also supported by results obtained using mass spectrometry
after IR (26).
REPAIR OF DSBS IN NUCLEOLAR CHROMATIN
A long-standing question in the field of nucleolar biology is
howDSBs are repaired in the nucleolus of mammalian cells.
This issue was addressed for the first time in two recent stud-
ies by the McStay and Greenberg laboratories. The hom-
ing endonuclease I-PpoI from Physarum polycephalum was
used to induce DSBs within the rDNA repeats. I-PpoI has
a 15 base-pair recognition site in the 28S coding sequence
of each of the approximately 200 rDNA repeats.
Induction of DSBs within the rDNA repeats by I-PpoI
expression confirmed inhibition of nucleolar transcription
upon induction of DSBs in rDNA and segregation of nu-
cleolar structure into nucleolar caps as previously reported
by Kruhlak et al. (see above). Also in the case of DSB in-
duction by I-PpoI expression, both rRNA silencing and nu-
cleolar cap formation were dependent on ATM signaling
(27,28). ATM was furthermore shown to be present in the
nucleoli prior to damage and activated ATM localized to
nucleolar caps (27).
It seems that non-homologous end-joining (NHEJ) is the
primary repair pathway of DSBs in rDNA (28). Chem-
ical inhibitors against DNA-PK, transient depletion of
NHEJ factors by siRNA transfection and genetically de-
fined mouse fibroblasts (DNA-PK−/−) all demonstrated
significantly increased numbers of DSBs and exacerbated
ATMdependent silencing after I-PpoI induction. Transient
depletion or conditional knock-out of homology directed
repair (HDR) factors did not significantly increase the num-
ber of DSBs (28), thus suggesting that NHEJ is the predom-
inant repair pathway for DSBs in rDNA as it is for DSBs in
the rest of the genome (5).
The precise localization of DSB repair by NHEJ in
rDNA is not yet clear. 53BP1 localizes to nucleolar caps
and associates with DSBs but factors like ku80 and XRCC4
could not be detected within nucleolar caps (27,28). Pre-
viously, Ku70, Ku80 and the catalytic subunit of DNA-
PK were detected in purified nucleoli (26) and HNEJ fac-
tors may therefore associate with the DNA lesions already
within the nucleoli. Detailed temporal analysis of the repair
kinetics and cap formation dynamics can provide further in-
sight into the coordination of the two processes.
The study by van Sluis and colleagues suggests that HR
is also involved in the repair of DSBs in rDNA even if
this may concern a smaller fraction of the total number of
DSBs after I-PpoI induction. Nucleolar caps stained pos-
itive for rDNA, the DNA damage marker !H2AX and
HDR-mediators such as BRCA1, RPA2 and Rad51 (27).
Additional evidence for HDR came from the detection of
unscheduled DNA synthesis that occurred in the nucleolar
caps. Interestingly, recruitment of HDR-associated repair
factors and DNA synthesis occurred also in G1 suggesting
that HDR may take place in rDNA repeats even in the ab-
sence of a sister chromatid, perhaps with other rDNA re-
peats serving as a template.
These results suggest a mechanism in human cells
whereby damaged rDNA, that can not be re-joined by
NHEJ factors, is recognized and repaired by the HDR-
machinery at the nucleolar periphery throughout the cell cy-
cle. It is possible that such amechanismmay serve to protect
interior repeats from unscheduled recombination as it has
been described in yeast (17). Relocalization of damaged re-
peats to the nucleolar periphery, where heterochomatinized
rDNA is located, could alter the epigenetic status of the
damaged locus. Heterochromatic compaction of the dam-
aged rDNA gene may offer en advantage by limiting un-
scheduled recombination with other rDNA genes.
Localization of rDNA to the nucleolar periphery hap-
pens as a consequence of ATM-dependent silencing of
rRNA transcription (28). However, the I-PpoI recognition
site is found in the coding region of every rDNA repeat, and
all the repeats are potentially cleaved upon induction of I-
PpoI expression. Nucleolar caps are therefore formed in re-
sponse to an unusual high number of DSBs in the rDNA
and future studies will be required to address if a single
or fewer DSBs will also generate sufficient ATM activation
and signaling to induce nucleolar cap formation. The es-
tablishment of a cellular system with a limited number of
target sequences in the ribosomal genes would allow us to
study how DSBs are dealt with in the nucleoli under more
physiological conditions.
In conclusion, the two above mentioned studies have
yielded first insights into repair of DSBs in the nucleolar
genes and thus pave the way for further investigations aimed
at understanding this phenomenon in more detail and to
clarify to what extent it is preserved from yeast tomammals.
Taking these new studies in consideration, a model of
the cellular response to DSBs in the nucleolus is emerging:
Upon induction of DSBs in the nucleoli by either laser mi-
croirradiaiton or I-PpoI overexpression, ATM is activated
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Figure 1. Models of rRNA silencing afterDSBs. (A) DSBs in rDNA silence rRNA transcription locally and induce nucleolar segregation and cap formation
in an ATM-dependent manner. In nucleolar caps rDNA associate with NHEJ and HDR factors in a cell cycle independent manner. (B) DSBs in non-
nucleolar DNA induce ATM-dependent translocation of NBS1-TCOF1 into nucleoli and global silencing of rRNA transcription.
locally and induces silencing of rRNA transcription within
the affected nucleoli. No evidence of a response that spreads
outside of the affected nucleoli was reported, which shows
yet another unique feature of nucleolar chromatin as even
a few DSBs induced outside of the nucleoli result in a pan-
nuclear DDR (29). The DSB-induced rRNA silencing fa-
cilitate nucleolar segregation and induce the formation of
nucleolar caps that may allow NHEJ and HDR factors to
associate with damaged rDNA repeats in a cell cycle inde-
pendent manner (see Figure 1A).
REGULATION OF NUCLEOLAR TRANSCRIPTION IN
RESPONSE TO DSBS OUTSIDE THE NUCLEOLUS
The studies summarized above described a cellular response
to DSBs occurring inside the nucleoli. However, nucleolar
DNA only represents 0.4% of the mammalian genome and
since induction of DSBs usually occurs stochastically they
affect non-nucleolar sequences with a much higher prob-
ability. The question therefore arises as to whether these
DSBs would also impact on rRNA transcription and nu-
cleolar organization. A recent paper described an in trans
global inhibition of RNA Pol I transcription in response to
DSBs introduced in nuclear chromatin outside of the nucle-
oli, regulated by the Treacle-NBS1 complex.
This response was associated with a rapid accumulation
of the DDR factor NBS1 in the nucleoli in a manner that
is spatially and temporally correlated with inhibition of
rRNA transcription. Within the nucleoli, NBS1 was shown
to specifically bind to actively transcribed regions of rDNA
(30).
Silencing of rRNA transcription and recruitment of
NBS1 are both controlled by ATM signaling as previously
described for nucleolar DSB repair and rRNA silencing in
response to DSB induction inside of the nucleoli. Silencing
however occurred globally when induced by breaks outside
the nucleoli and did not lead to nucleolar segregation and
cap formation (30).
NBS1 recruitment into the nucleoli was found to be de-
pendent on interaction with the nucleolar protein Treacle
(also referred to as TCOF1). Similar findings were also re-
ported in a study recently published by the Elledge labo-
ratory (31). The interaction with Treacle provides the first
physical link betweenNBS1 and the nucleolus (30,31). Trea-
cle is a nucleolar low complexity phosphoprotein implicated
in rRNA transcription and processing (32). Interestingly,
the mechanism by which NBS1 is binding to Treacle shows
striking similarity to its binding to MDC1, an adaptor pro-
tein that interacts directly with !H2AX in chromatin re-
gions flanking DSBs and thus connects various DDR fac-
tors to broken chromosomes (33). Treacle and MDC1 both
depend on the NBS1 FHA- and BRCT-domains and utilize
a CK2-dependent phosphor-motif in Treacle and MDC1,
respectively.
The studies by our group and Ciccia et al. find that ac-
cumulation of NBS1 in the nucleoli occurs in an MRE11
independent manner and thus raised the question if regula-
tion of nucleolar transcription is conducted by the MRN-
complex (composed of MRE11, RAD50 and NBS1) or if
NBS1 is operating independently in this context. So far, the
roles of NBS1 in the DNA damage response have predomi-
nantly been connected to its role as a subunit of the MRN-
complex. In this context, NBS1 functions as an adapter
module that connects the MRN-complex to DDR compo-
nents such as MDC1, CtIP and ATM (34). If NBS1 has a
MR-independent function in the nucleoli it may act there as
an adaptor for other factors that are distinct from MRE11
and RAD50.
The precise function of the Treacle-NBS1 complex in
the nucleolus remains an open issue. It is possible that
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Table 1. List of nucleolar putative ATM-targets regulating rRNA transcription
Gene name ATM/ATR phospho site Function in rRNA transcription
TCOF1 S1410 Stimulates transcription and processing
CD3EAP S311 RNA Pol I subunit 34
TAF1C S848/S858 Component of the SL1 complex
TTF1 S240 Regulates RNA Pol I transcription termination
UTP14A S437/S445/S453 Involved in pre-rRNA processing
PHF6 T55/ S120/T358 Suppressor of rRNA synthesis
NSUN5 S432 Methylates rRNA
HEATR1 S1492 Processing of pre-rRNA
rRNA transcriptional silencing in response to DNA dam-
age is mediated by ATM-dependent phosphorylation of nu-
cleolar factors that are implicated in rRNA transcription.
In this case, Treacle-NBS1 may resume the task of trans-
porting activated ATM from sites of DSBs into the nucle-
oli. This is an attractive hypothesis given that we identi-
fied several regulators of rRNA transcription that are also
putative ATM targets co-immunoprecipitating with NSB1.
Amongst these are the RNA polymerase I subunit RPA34
as well as TAF1C, a component of the SL1 complex. The
Treacle-NBS1 complex may thus function as an adaptor for
the ATM kinase to efficiently phosphorylate its nucleolar
targets involved in regulation of rRNA transcription. Alter-
natively, phosphorylation of Treacle by ATM may itself be
involved in the mechanism of DNA damage induced rRNA
transcriptional silencing. In this context it is interesting to
note that ATM-dependent phosphorylation of Treacle re-
quires its direct interaction with NBS1 (30).
Another interesting observation is that the chromosomal
contextmay influence hownuclearDSBs signal to the nucle-
oli. van Sluis andMcStay introduceDSBs in the distal junc-
tion, a genomic sequence immediately distal to the rDNA
arrays functioning to anchor ribosomal genes to perinucleo-
lar heterochromatin. DSBs induced in this specific genomic
sequence did not induce global inhibition of rRNA tran-
scription (27). Further investigations are required to deter-
mine how inhibition of nucleolar transcription is regulated
in the context of chromatin.
In summary, we propose the following model for the cel-
lular response to DSBs in non-nucleolar chromatin: nuclear
activation of ATM induces the translocation of the NBS1-
Treacle complex into the nucleolus and global silencing of
rRNA transcription. This response is transient and does not
induce nucleolar segregation or cap formation (see Figure
1B).
ATM: THE CENTRAL PLAYER IN RRNA SILENCING?
DSBs induced in the nucleolus or in the nucleoplasm may
communicate via distinct signaling pathways but in both
cases the silencing of nucleolar transcription is dependent
on ATM kinase activity. It is therefore likely that identi-
fication of ATM kinase targets in the nucleoli will be the
key to understand the precise mechanism of rRNA silenc-
ing in response to DNA damage. We therefore performed a
gene ontology enrichment analysis of genes identified as pu-
tative ATM/ATR phopho-targets by Matsuoka et al. (35).
Approximately 400 of the 680 genes had a cellular compart-
ment assigned to them and amongst these 98 have been re-
ported to localize to the nucleoli, underlining that a broad
range of ATM targets are found in the nucleoli. Amongst
theDNAdamage-dependent ATM targets were proteins in-
volved in rRNA transcription initiation, repression, termi-
nation and processing as well as ribosomal assembly (see
Table 1). For example, the RNA Pol I subunits RPA34 and
TAF1C, components of the RNA Pol I and SL1 complex,
are putative ATM targets (35). As mentioned above, these
putative ATM targets also co-purify with NBS1. Further-
more, the Transcription Termination Factor 1 (TTF1) asso-
ciated with the T0 element upstream of the rDNApromoter
and known to silence rDNA transcription by recruitment of
the repressive NORC complex to rDNA (36) is modified on
serine 240 (35) by ATM in response to DNA damage. Like-
wise the UTP14A and HEATR1, required for 28S and 18S
processing respectively, are targeted by ATM at several mo-
tifs (37,38). PHF6 is another interesting putative nucleolar
ATM target frequently mutated in T-cell acute lymphoblas-
tic leukemia. PHF6 associates with UBF at the rDNA pro-
moter region and actively suppresses rDNA transcription
(39). Furthermore, NSUN5 is a conserved RNA methyl-
transferase regulating the structural composition of ribo-
somes and translation fidelity (40). Reduction of NSUN5
favors ribosomal translation of a subset of oxidative stress-
responsive mRNAs (40). Regulation of NSUN5 by ATM
in response to DSBs could therefore increase cellular DNA
damage tolerance. Collectively, these observations highlight
a number of nucleolar targets that are likely to be modified
by ATM and may directly influence rRNA transcription in
response to DNA damage.
PERSPECTIVES
Two different modes of DSB-induced rRNA silencing have
been discovered: in cis transcriptional silencing triggered by
DSBs in rDNA repeats and in trans silencing induced by
DSBs in non-nucleolar chromatin. They are both depen-
dent on ATM activity but it is not yet clear if they operate
through common pathways and share themolecular targets.
The chain of events activated upon DSBs in rDNA is
poorly understood. In this context it will be important to
investigate the nature of the nucleolar DDR and the molec-
ular mechanisms underlying rRNA silencing as well as its
physiological role.
In response to non-nucleolar breaks it will be impor-
tant to understand the relevance of NBS1 accumulation
at rDNA. Nucleolar recruitment of active ATM by NBS1
is an attractive hypothesis due to the large number of pu-
tative ATM targets in the nucleoli. Such a role––should
it be confirmed––would mirror the role of NBS1 in non-
nucleolar chromatin where it was proposed to mediate the
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recruitment of ATM to sites of DSBs (41). Furthermore,
identifying those ATM targets of relevance to rRNA silenc-
ing will provide mechanistic insight into the global regula-
tion of rRNA transcription.
Finally, the number of stress kinases targeting rRNA
transcription is growing (10). The latest addition is ATR,
yet anothermajorDDRkinase (42). Future research should
clarify if rRNA silencing serves a particular purpose under
specific conditions or if it represents a common cellular re-
sponse to a broad variety of stresses.
The recent discoveries of the events that take place in the
nucleoli in response to DNA damage have provided impor-
tant clues about the connection between the DDR and ri-
bosome biogenesis but also raised many new puzzles that
future research efforts will hopefully resolve in due time.
FUNDING
Swiss National Foundation [31003A-144284]; Promedica
Foundation, Chur andKanton of Zu¨rich. Funding for open
access charge: General working funds of department of gy-
necology at the University of Zurich.
Conflict of interest statement.None declared.
REFERENCES
1. Ciccia,A. and Elledge,S.J. (2010) The DNA damage response: making
it safe to play with knives.Mol. Cell, 40, 179–204.
2. Harper,J.W. and Elledge,S.J. (2007) The DNA damage response: ten
years after.Mol. Cell, 28, 739–745.
3. Chapman,J.R., Taylor,M.R.G. and Boulton,S.J. (2012) Playing the
end game: DNA double-strand break repair pathway choice.Mol.
Cell, 47, 497–510.
4. Jackson,S.P. and Bartek,J. (2009) The DNA-damage response in
human biology and disease. Nature, 461, 1071–1078.
5. Shibata,A. and Jeggo,P.A. (2014) DNA double-strand break repair in
a cellular context. Clin Oncol (R Coll Radiol), 26, 243–249.
6. McStay,B. and Grummt,I. (2008) The epigenetics of rRNA genes:
from molecular to chromosome biology. Annu. Rev. Cell Dev. Biol.,
24, 131–157.
7. Raska,I., Shaw,P.J. and Cmarko,D. (2006) Structure and function of
the nucleolus in the spotlight. Curr. Opin. Cell Biol., 18, 325–334.
8. Bywater,M.J., Pearson,R.B., McArthur,G.A. and Hannan,R.D.
(2013) Dysregulation of the basal RNA polymerase transcription
apparatus in cancer. Nat. Rev. Cancer, 13, 299–314.
9. Grummt,I. and La¨ngst,G. (2013) Epigenetic control of RNA
polymerase I transcription in mammalian cells. Biochim. Biophys.
Acta, 1829, 393–404.
10. Grummt,I. (2013) The nucleolus––guardian of cellular homeostasis
and genome integrity. Chromosoma, 122, 487–497.
11. Grummt,I. and Pikaard,C.S. (2003) Epigenetic silencing of RNA
polymerase I transcription. Nat. Rev. Mol. Cell Biol., 4, 641–649.
12. Drygin,D., Rice,W.G. and Grummt,I. (2010) The RNA polymerase I
transcription machinery: an emerging target for the treatment of
cancer. Annu. Rev. Pharmacol. Toxicol., 50, 131–156.
13. Zhang,Y. and Lu,H. (2009) Signaling to p53: ribosomal proteins find
their way. Cancer Cell, 16, 369–377.
14. Drygin,D., Lin,A., Bliesath,J., Ho,C.B., O’Brien,S.E., Proffitt,C.,
Omori,M., Haddach,M., Schwaebe,M.K., Siddiqui-Jain,A. et al.
(2011) Targeting RNA polymerase I with an oral small molecule
CX-5461 inhibits ribosomal RNA synthesis and solid tumor growth.
Cancer Res., 71, 1418–1430.
15. Diesch,J., Hannan,R.D. and Sanij,E. (2014) Perturbations at the
ribosomal genes loci are at the centre of cellular dysfunction and
human disease. Cell Biosci., 4, 43.
16. Holmberg Olausson,K., Niste´r,M. and Lindstro¨m,M.S. (2012) p53
-dependent and -independent nucleolar stress responses. Cells, 1,
774–798.
17. Torres-Rosell,J., Sunjevaric,I., De Piccoli,G., Sacher,M.,
Eckert-Boulet,N., Reid,R., Jentsch,S., Rothstein,R., Arago´n,L. and
Lisby,M. (2007) The Smc5-Smc6 complex and SUMO modification
of Rad52 regulates recombinational repair at the ribosomal gene
locus. Nat. Cell Biol., 9, 923–931.
18. Killen,M.W., Stults,D.M., Adachi,N., Hanakahi,L. and Pierce,A.J.
(2009) Loss of Bloom syndrome protein destabilizes human gene
cluster architecture. Hum. Mol. Genet., 18, 3417–3428.
19. Akamatsu,Y. and Kobayashi,T. (2015) The human RNA polymerase
I transcription terminator complex acts as a replication fork barrier
that coordinates the progress of replication with rRNA transcription
activity.Mol. Cell. Biol., 35, 1871–1881.
20. Kobayashi,T. (2011) Regulation of ribosomal RNA gene copy
number and its role in modulating genome integrity and evolutionary
adaptability in yeast. Cell. Mol. Life Sci., 68, 1395–1403.
21. Guetg,C. and Santoro,R. (2012) Formation of nuclear
heterochromatin: the nucleolar point of view. Epigenetics, 7, 811–814.
22. Goodarzi,A.A., Jeggo,P. and Lobrich,M. (2010) The influence of
heterochromatin on DNA double strand break repair: Getting the
strong, silent type to relax. DNA Repair, 9, 1273–1282.
23. Goodarzi,A.A., Kurka,T. and Jeggo,P.A. (2011) KAP-1
phosphorylation regulates CHD3 nucleosome remodeling during the
DNA double-strand break response. Nat. Struct. Mol. Biol., 18,
831–839.
24. Kruhlak,M., Crouch,E.E., Orlov,M., Montan˜o,C., Gorski,S.A.,
Nussenzweig,A., Misteli,T., Phair,R.D. and Casellas,R. (2007) The
ATM repair pathway inhibits RNA polymerase I transcription in
response to chromosome breaks. Nature, 447, 730–734.
25. Shav-Tal,Y., Blechman,J., Darzacq,X., Montagna,C., Dye,B.T.,
Patton,J.G., Singer,R.H. and Zipori,D. (2005) Dynamic sorting of
nuclear components into distinct nucleolar caps during
transcriptional inhibition.Mol. Biol. Cell, 16, 2395–2413.
26. Moore,H.M., Bai,B., Boisvert,F.M., Latonen,L., Rantanen,V.,
Simpson,J.C., Pepperkok,R., Lamond,A.I. and Laiho,M. (2011)
Quantitative proteomics and dynamic imaging of the nucleolus reveal
distinct responses to UV and ionizing radiation.Mol. Cell
Proteomics, 10, M111.009241.
27. van Sluis,M. and McStay,B. (2015) A localized nucleolar DNA
damage response facilitates recruitment of the homology-directed
repair machinery independent of cell cycle stage. Genes Dev., 29,
1151–1163.
28. Harding,S.M., Boiarsky,J.A. and Greenberg,R.A. (2015) ATM
dependent silencing links nucleolar chromatin reorganization to DNA
damage recognition. Cell Rep, doi:10.1016/j.celrep.2015.08.085.
29. Bakkenist,C.J. and Kastan,M.B. (2003) DNA damage activates ATM
through intermolecular autophosphorylation and dimer dissociation.
Nature, 421, 499–506.
30. Larsen,D.H., Hari,F., Clapperton,J.A., Gwerder,M., Gutsche,K.,
Altmeyer,M., Jungmichel,S., Toledo,L.I., Fink,D., Rask,M.-B. et al.
(2014) The NBS1–Treacle complex controls ribosomal RNA
transcription in response to DNA damage. Nat. Cell Biol., 16,
792–803.
31. Ciccia,A., Huang,J.-W., Izhar,L., Sowa,M.E., Harper,J.W. and
Elledge,S.J. (2014) Treacher Collins syndrome TCOF1 protein
cooperates with NBS1 in the DNA damage response. Proc. Natl.
Acad. Sci. U.S.A., 111, 18631–18636.
32. Dixon,J., Trainor,P. and Dixon,M.J. (2007) Treacher Collins
Syndrome. Orthod Craniofacial Res, 10, 88–95.
33. Jungmichel,S. and Stucki,M. (2010) MDC1: The art of keeping things
in focus. Chromosoma, 119, 337–349.
34. Lafrance-Vanasse,J., Williams,G.J. and Tainer,J.A. (2015)
Envisioning the dynamics and flexibility of Mre11-Rad50-Nbs1
complex to decipher its roles in DNA replication and repair. Prog.
Biophys. Mol. Biol., doi:10.1016/j.pbiomolbio.2014.12.004.
35. Matsuoka,S., Ballif,B.A., Smogorzewska,A., McDonald,E.R.,
Hurov,K.E., Luo,J., Bakalarski,C.E., Zhao,Z., Solimini,N.,
Lerenthal,Y. et al. (2007) ATM and ATR substrate analysis reveals
extensive protein networks responsive to DNA damage. Science, 316,
1160–1166.
36. Ne´meth,A., Strohner,R., Grummt,I. and La¨ngst,G. (2004) The
chromatin remodeling complex NoRC and TTF-I cooperate in the
regulation of the mammalian rRNA genes in vivo. Nucleic Acids Res.,
32, 4091–4099.
 at Universität Zürich. Hauptbibliothek Irchel on January 21, 2016
http://nar.oxfordjournals.org/
Downloaded from 
Nucleic Acids Research, 2015 7
37. Hu,L., Wang,J., Liu,Y., Zhang,Y., Zhang,L., Kong,R., Zheng,Z.,
Du,X. and Ke,Y. (2011) A small ribosomal subunit (SSU) processome
component, the human U3 protein 14A (hUTP14A) binds p53 and
promotes p53 degradation. J. Biol. Chem., 286, 3119–3128.
38. Azuma,M., Toyama,R., Laver,E. and Dawid,I.B. (2006) Perturbation
of rRNA synthesis in the bap28 mutation leads to apoptosis mediated
by p53 in the zebrafish central nervous system. J. Biol. Chem., 281,
13309–13316.
39. Wang,J., Leung,J.W.-C., Gong,Z., Feng,L., Shi,X. and Chen,J. (2013)
PHF6 regulates cell cycle progression by suppressing ribosomal RNA
synthesis. J. Biol. Chem., 288, 3174–3183.
40. Schosserer,M., Minois,N., Angerer,T.B., Amring,M., Dellago,H.,
Harreither,E., Calle-Perez,A., Pircher,A., Gerstl,M.P.,
Pfeifenberger,S. et al. (2015) Methylation of ribosomal RNA by
NSUN5 is a conserved mechanism modulating organismal lifespan.
Nat. Commun., 6, 6158.
41. Falck,J., Coates,J. and Jackson,S.P. (2005) Conserved modes of
recruitment of ATM, ATR and DNA-PKcs to sites of DNA damage..
Nature, 434, 605–611.
42. Sokka,M., Rilla,K., Miinalainen,I., Pospiech,H. and Syva¨oja,J.E.
(2015) High levels of TopBP1 induce ATR-dependent shut-down of
rRNA transcription and nucleolar segregation. Nucleic Acids Res.,
43, 4975–4989.
 at Universität Zürich. Hauptbibliothek Irchel on January 21, 2016
http://nar.oxfordjournals.org/
Downloaded from 
